Chalkbrood infection of honey bee (Apis mellifera) brood by the fungus Ascosphaera apis results in fatal encapsulation of susceptible larvae with a mycelial coat. Recent QTL analysis indicates that some level of physiological resistance exists in individual larvae. We performed a fine mapping analysis to define the genetic interval that confers resistance in the larvae and identify the strongest association molecular markers that could by useful for marker assisted selection of the trait. Evaluation of the interval suggests that only two possible genes (single Ig IL-related receptor-like, XM_003251514.1 and juvenile hormone-binding protein, XM_391872.4) are likely to be responsible for the resistance.
Introduction
Infection of honey bee (Apis mellifera) brood by the fungus Ascosphaera apis kills susceptible larvae and pupae by the mycelial encapsulation and desiccation of infected individuals, resulting in chalkbrood disease.
The disease is particularly prevalent in colonies that are already under stress by a variety disease challenges, or less-than-ideal environmental conditions (reviewed in Heath, 1982) . However, endemic infections had been rare due to the hygienic behaviour of worker bees that remove diseased larvae/pupae prior to the sporulation stage of the fungus (Invernizzi et al., 2011) , as well as the probable genetic component of resistance conferred by the larvae themselves (Holloway et al., 2012) .
Beekeeper-mediated requeening of susceptible colonies also mitigates much of the infection rates and frequencies by altering the genetic basis of susceptibility in managed colonies.
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Despite the basal-level tolerance to chalkbrood, overall colony health is continually being challenged by economic, agronomic, and environmental demands. The increased stresses on bees are beginning to result in higher prevalence of the disease and likely higher economic costs.
Migratory beekeeping, monoculture crop production, agrochemical exposure, pest infestations, pathogen infections, and other environmental stresses continue to challenge the physiological response mechanisms in bees, including their innate immunity defences. Identifying mechanisms to control the disease would positively impact colony health, pollination capabilities, and honey production.
Considering that a strong genetic basis for chalkbrood resistance has been suggested through quantitative trail loci (QTL) analysis in a mapping population (Holloway et al., 2012) , the potential exists to breed resistant bees using marker assisted selection (MAS) to increase the prevalence of a trait of importance to honey bee health. MAS is a highly utilized genetic tool with proven value in a variety of agricultural fields from milk production, and fat and protein content in cattle (Boichard et al., 2002) to disease resistance in cereal crops (reviewed in Miedaner and Korzun, 2012) . Generating pathogen resistant honey bee stocks may also prove to be economically valuable by increasing colony longevity, colony health, and economic productivity. 
Materials and methods

Evaluation of resistance and SNP analysis
Population development, phenotyping, and QTL identification in regards to chalkbrood resistance was previously described (Holloway et al., 2012) .
Briefly, brood from a backcrossed population generated by singledrone insemination with Russian and various commercial bees was inoculated with chalkbrood spores and analysed for the development of the disease. DNA from individually phenotyped individuals (92 susceptible, 92 resistant) was purified and subjected to SNP genotyping and QTL analysis. The trait was considered to be binary where resistant individuals survived the challenge whereas susceptible individuals did not (effectively functioning as a qualitative trait). DNA samples remaining following QTL analysis (91 susceptible, 88 resistant) were subjected to fine mapping and further analyses.
Development of CAP molecular markers and fine mapping of the locus
Available genomic sequences (Amel 4.0 and Amel 4.5, NCBI honey bee genome) underlying the defined QTL were BLASTed for known SNPs within the interval. Polymorphisms and the surrounding sequence information for thousands of SNPs were collected and screened for a creation/destruction of restriction sites by the SNPs themselves, thereby being classified as potential CAPs (cleaved amplified polymorphisms) markers. Restriction sites were prioritized such that fewer enzymes were able to screen a large number of SNPs. Primers were designed to amplify over the SNPs and to generate amplicons 300-500 bp in length and for the digestion products of the CAPs markers to be easily resolved on 1-3% agarose gels. Amplification and restriction enzyme digestion of each CAP marker was tested on a subset of individuals to determine if the polymorphism existed within the chalkbrood mapping population (Table 1) . Successful CAPs were used to genotype the entire mapping population. CAPs genotype information as compared to the phenotype of the mapping population was analysed for the decrease in the number of recombinant individuals as the interval narrowed from the original QTL. By this methodology, the interval was narrowed according to standard qualitative trait mapping practices.
Evaluation of candidate genes
RNA was purified from tissue samples from a subset of the original mapping population and samples of aged brood from unrelated Russian honey bee colonies using the Maxwell 16 nucleotide purification system (Promega Corporation, Madison, WI). Extracted RNA was then quantified (ng/µl) and quality (260/280 ratio) was assessed on a NanoDrop (NanoDrop Technologies Inc., Wilmington, DE). cDNA syntheses were performed using a QuantiTect Reverse Transcription Kit (Qiagen Inc., Valencia, CA). cDNA from the mapping population was subjected to non-quantitative real-time PCR to determine presence/absence of gene expression without regard to controlling for developmental stage of the individuals or quantity/quality of cDNA. cDNA from the unrelated Russian aged brood series was subjected to quantitative real-time PCR (qPCR) and statistical analysis according to the following methods. An Alien Reference RNA qRT-PCR Detection Kit (Agilent Technologies Inc., Santa Clara, CA) was used for an exogenous control according to the manufacturer's protocols. Genes remaining within the fine mappingdefined interval were screened for expression using primers designed to specifically amplify from cDNA and legitimize candidacy for chalkbrood resistance by real-time PCR analysis ( Table 2 ).
The qPCR reactions were performed in a Bio-Rad CFX96 real time PCR detection system (Bio-Rad Laboratories, Hercules, CA) using the fast protocol with iTaq ™ Fast SYBR ® Green Supermix (Bio-Rad Markers for chalkbrood resistance in honey bees 137
Results
Fine mapping of the larval-mediated chalkbrood resistance interval
The larval-mediated chalkbrood resistance (LMCR) QTL (Holloway et al., 2012 ) was determined reside on chromosome 11. The published QTL interval was further refined utilizing the currently available genome (Amel4.5 publically available on NCBI) and re-alignment of the SNP panel markers. The newly refined interval was found to overlay the single Amel4.5 whole genome shotgun scaffold NW_003378155 spanning nearly 1Mb and containing 107 known, predicted or hypothetical genes. Fine mapping of the region was initiated using 45 CAPs markers designed from the available honey bee genome SNP information (Table 1) . Ten of the CAPs markers were polymorphic within the population and useful to define the interval responsible for chalkbrood resistance ( ). This suggests that the QTN may reside closer to, or within, the JHBP-like gene.
Analysis of candidate genes
Legitimacy of the candidate genes is dependent on the appropriate spatial and temporal expression of the gene relevant to the larval need for the physiological initiation of resistance. Larvae are susceptible to chalkbrood infection when 3-4 days old (Flores et al., 1996) and any innate resistance likely functions then, or soon after. Tissue samples remaining from the mapping population represent larvae at least 
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8 days old and pupae up to 14 days old (Holloway et al., 2012) and so remaining samples were not age-appropriate for gene expression analyses relevant to initial resistance mechanisms. However, the nonquantitative analysis of expression showed that the two candidate genes are both expressed in the mapping population albeit temporally inappropriate (data not shown). Instead, a developmental series of unrelated Russian honey bee brood was screened for the expression of the candidate genes to help determine legitimacy and temporal expression patterns. Because the SNP/LMCR association has not yet been validated in a secondary population, the resistance status of current Russian honey bee populations remains unknown. Therefore, pools of ungenotyped (hence, unbiased) larvae best represent the current population regardless of potential chalkbrood response. Three biological replicates of cDNA pools from ten individuals of each of the following stages were evaluated: 1 st instar larvae, 2 nd instar larvae, 3 rd instar larvae, 4 th instar larvae, 5 th instar larvae (Fig. 2A) ; as well as five individuals each of the following stages: late-stage 5 th instar larvae/pre-pupae, pre-pupae, and white eyed pupae (Fig. 2B) . Real-time PCR of candidate genes during the tested developmental time course
shows that both the SIGIRR ( Figure 2C ) and JHBP-like ( Considering that the two LMCR candidate genes are both strong components of the innate immunity in insects, it is possible that pathogens in addition to A. apis could be targeted for the anti-microbial Tollinduced immune response. Specifically, the microsporidian fungi Nosema ceranae and N. apis are widespread and presumably deadly challenge to honey bees. While the economic threshold of Nosema spp.
is yet unknown, it is believed that infections are contributing to the ongoing loss of honey bee colonies throughout the world and are fuelling research to understand the infection process, tolerance levels, and any genetic basis of resistance. An increase in prevalence of the LMCR responsible alleles has the potential to lessen the impact of Nosema spp. on overall colony health and productivity.
While the exact gene or QTN responsible for the LMCR remain unknown, the critical interval has a strong predictive quality on the larval phenotype following a chalkbrood challenge. Prescreening breeding stocks for the resistance-associated alleles of the interval, particularly SNP AMB-00858654, could ultimately serve for markerMarkers for chalkbrood resistance in honey bees assisted selection of highly resistant colonies. While the fine mapping was successful in this reported population, the interval will need to be validated in additional chalkbrood-challenged mapping populations to determine if LMCR is controlled by this same locus. Future populations will be developed that also enable the evaluation of chalkbrood response in homozygous resistant bees which were genetically unavailable in this study. In addition to the validation of the locus, the allelic associations must be evaluated. Considering the high recombination rate in the honey bee, one cannot assume that the same CAPs marker genotypes will associate with the phenotypes in all populations. Recombination around the LMCR interval may cause other populations to have the alternative SNP allele associate with the resistance. For instance, in this tested population, the homozygous susceptible individuals exhibited a BstBI restriction digest site at AMB-00858654, while the heterozygous resistant individuals contained both the digestible and non-digestible alleles. In other bee stocks and populations, an inherited and stable recombination event could result in the homozygous susceptible individuals having the non-digestible SNP at that marker. Further study of the locus in varied honey bee stocks, followed by selective breeding, may result in improved resistance of honey bees to chalkbrood and other fungal infections.
